The perpetuating mechanisms for human atrial fibrillation (AF) remain undefined. Localized rotors and focal beat sources may sustain AF in elegant animal models, but there has been no direct evidence for localized sources in human AF using traditional methods. We developed a clinical computational mapping approach, guided by human atrial tissue physiology, to reveal sources of human AF.
AF once it has been triggered are not defined. 5, 6 Historically, detailed mapping defined the patient-specific sustaining mechanisms that now serve as ablation targets for the routine cure of supraventricular or ventricular arrhythmias, 7 yet the complex and highly variable cycle-to-cycle activation of AF makes traditional mapping difficult.
We hypothesized that a novel approach to mapping AF, that physiologically interprets fibrillatory wave activity by analyzing widely sampled simultaneous multisite electrograms in the context of rate-dependent atrial repolarization and conduction, may enable identification of AF-sustaining mechanisms. There are 2 prevailing hypotheses. The multiwavelet hypothesis proposes that continuously meandering electrical waves cause AF. 8, 9 However, this hypothesis does not readily explain consistent spatial nonuniformities in AF, 10, 11 while ablation designed to address this hypothesis rarely terminates AF and has modest success. 2, 12 Alternatively, the localized source hypothesis is based on experimental models in which reentrant circuits (rotors) 6, 13, 14 or focal impulses 11, 15 activate rapidly enough to cause disorganized AF. However, there has until now been no 9 or little 16, 17 evidence to support localized sources in human AF. We tested our hypothesis by developing a computational mapping approach, employing careful wide-area mapping of the atria during AF and analysis of tissue conduction and repolarization, to create individualized spatiotemporal maps of AF in patients with paroxysmal and persistent AF referred for percutaneous ablation. 
Methods

Patient Flow
We recruited patients with drug-refractory AF referred for ablation for standard indications 2 to the Veterans Affairs and University of California Medical Centers in San Diego, on a mapping protocol approved by our joint institutional review board. Consecutive patients were approached, and all subjects provided written informed consent. The only exclusion criterion was refusal or inability to provide informed consent. These patients were used to report APD restitution, 18 APD alternans, 19 and conduction restitution 20 as underlying mechanisms for the dynamics of human AF. After the detailed electrophysiological mapping outlined later, all patients underwent conventional ablation for the endpoint of PV isolation.
2
Electrophysiological Mapping
Electrophysiology study was performed >5 half-lives after discontinuing antiarrhythmic medications, except for amiodarone (stopped for >30 days; Table 1 ). Using femoral venous access, a decapolar catheter was placed in the coronary sinus, and then a 7F monophasic action potential (MAP) catheter (Boston Scientific, Natick, MA, USA) was advanced to the right atrium then left atrium via transseptal puncture. Heparin was administered intravenously to maintain activated clotting time (ACT) >350 seconds throughout mapping (and subsequent ablation).
Simultaneous multisite recordings of the atria were achieved using 64 pole catheters (Constellation, Boston Scientific) advanced transseptally to the left atrium in all patients, with a second basket placed simultaneously in the right atrium in n = 20 patients (12 persistent, 8 paroxysmal; Fig. 1 ). Great care was taken to optimize electrode contact, to cover the majority of the atria and the ostia of the PVs and atrial appendages, maintaining relatively uniform interelectrode spacing (Fig. 1) . Electrodes span the orifices of the thoracic veins and atrial appendages and so this approach can identify activation emanating from, versus progressing towards, these structures. Panels A-L of Figure 1 provide examples of optimal and suboptimal basket positions. Optimal positioning required selecting the basket size such that splines deformed slightly with cardiorespiratory motion on fluoroscopy or showed tissue opposition on intracardiac echocardiography (Fig. 1A-D) . With currently available baskets (48-mm diameter, 4-mm electrode spacing; or 60-mm diameter, 5-mm electrode spacing), the LA was incompletely mapped in patients with LA diameter >≈60 mm in whom the septal LA and right PV antra were typically underrepresented (Fig. 1F) .
Simultaneous biatrial basket recordings are described in this report, but the atria may also be sampled sequentially using a single basket to first analyze RA data while performing transseptal cannulation, then repeating this process for the LA.
Electrophysiological Data Acquisition
Computational mapping was applied to native AF when possible. Patients in sinus rhythm, or in whom AF terminated before mapping, were paced into AF using a decremental protocol via cycle lengths (CLs) of 500, 450, 400, 350, and 300 milliseconds, then in 10 milliseconds steps to AF. AF was mapped after it had sustained for at least 10 minutes, because our preliminary data suggest that spatial maps of induced AF converge with maps of native AF in the same patient over this timeframe.
Multisite electrograms were recorded as unipoles (e.g., A1, A2, A3, . . .) or as overlapping bipoles (i.e., A12, A23. . .) to reduce far-field artifact, and filtered at 0.05-500 Hz. AF data were exported digitally in 1-minute epochs.
In brief, computational mapping is centrally based upon MAP data, that we used to define regional restitution of MAP duration as recently reported during pacing 18, 19 and in AF, 21 and regional conduction restitution defined by conduction time to each basket electrode during progressively faster pacing to the onset of AF. Figure 2B illustrates the nomenclature of 3D map projections. The left atrium was opened at its "equator" with each half of the mitral annulus reflected superiorly and inferiorly, whereas the right atrium was opened between its poles and the tricuspid annulus halves reflected laterally and septally. For illustration, Figure 2C shows sinus rhythm initiation at the high RA (red), proceeding to the LA over Bachmann's bundle to finally activate the low lateral LA (blue), in relation to 128 biatrial electrodes (dots).
Physiologically-Directed Computational AF Mapping
Spatiotemporal analyses of AF were performed primarily by directly analyzing electrograms to construct movies of numerous AF activation cycles (Fig. 3A) , and secondarily by constructing isochronal maps to illustrate single cycle snapshots of AF (Fig. 3B) . Computational mapping is a physiologically guided approach that analyses AF in the context of regional variations in the minimum tissue wavelength for reentry, λ = refractory period × conduction velocity. 22 We used MAP recordings to define APD restitution, 18, 19 and regional conduction restitution 20 to define regions of slow conduction.
In Figure 3A , movies were constructed by plotting the electrogram voltage at each electrode location at a time point T (indicated by vertical green line), then repeating this process for multiple time points to create an animation (see Supplemental movie). To circumvent the difficulty of defining CL during AF, 23 APD restitution defines minimum repolarization. Figure 3A illustrates a concurrent MAP tracing in AF used for this purpose. We recently reported that minimum APD and APD restitution differ markedly between patients with persistent and paroxysmal AF, yet for any one patient are consistent over time during pacing 18, 19 or in 24 AF. Conduction restitution is used to define physiologically plausible propagation paths. 20 For instance, red and blue activation in Figure 3B lies at adjacent electrodes (4 mm apart), yet their delay (≈160 milliseconds) could not represent direct propagation because that would require a slower than physiological CV 25 of 2.5 cm/s (= 0.4/0.16). Figure 3B illustrates an isochronal snapshot of one cycle of persistent AF indicating a counterclockwise (CCW) spiral wave (rotor, arrow) in the posterior left atrium, represented by color-coded activation from red to blue. The AF rotor indicates 1:1 activation within its proximal spiral arms, with wavebreak and collision (fibrillatory conduction) at the spiral arm periphery and beyond.
Definition of Localized Sources
Computational maps were analyzed to reveal sustained localized sources of human AF in the form of focal impulse 15, 26 or rotor 6 maps (FIRM) as shown in animal models but not previously in human AF. 6, 27 Rotors were identified as rotational activity around a center (using isopotential movies and isochronal activation maps). Focal beats in AF were identified at their point of origin from surrounding diastole from isopotential movies and isochronal maps. We diagnosed rotors or focal beat sources only if sustained throughout several recording epochs (arbitrarily >50 cycles), to exclude transient rotational and/or centrifugal activation that by definition cannot represent sources but likely represent wavebreak and/or passive activation that are highly variable in fibrillation.
Statistical Analysis
Continuous data are represented as mean ± standard deviation (SD). The t-test was used to compare variables between 2 groups, such as LA area or AF CL. Paired continuous variables were compared using linear regression and the paired t-test. The chi-square test was applied to contingency tables. A probability of <5% was considered statistically significant. Table 1 indicates the clinical characteristics of our population.
Results
Computational Mapping of Electrical Rotors During Human AF
Computational mapping revealed electrical rotors or focal beats during AF in 47 of 49 (95.9%) patients (Table 1) , that were sustained throughout multiple epochs over many min- utes (i.e., thousands of cycles). These regions exhibited 1:1 activation of atrial activation within their spiral arms, with propagation to the remaining atria characterized by wavebreak or "fibrillatory conduction" (disorganization of 1:1 activation) distally and in the contralateral atrium. Thus, rotors and focal beats were sources for AF activation rather than passively activated elements. Figure 4A (50-year-old man with persistent AF and LA diameter 52 mm) shows a solitary rotor in the mid-posterior LA during AF with CCW activation represented by the red-toblue color coded activation with CL 140 milliseconds. This rotor accounted for 1:1 activation in ≈70% of the LA (its spiral arms), with fibrillatory conduction shown by collision between late activation from the rotor in the inferoposterior wall (blue) with early activation from asynchronous activation at the inferior mitral annulus (red/yellow) and to the coronary sinus (see electrograms). Figure 4B illustrates a clockwise (CW) rotor that controls a smaller region of the atrium during persistent AF in the anterior LA in a 62-year old with LA diameter 52 mm and heart failure (left ventricular ejection fraction [LVEF] 37%). Table 2 summarizes that most patients had multiple concurrent sources, typically in the left and right atrium. Figure 4C shows 2 concurrent rotors in the left atrium during paroxysmal AF in the anterior LA (CW) and inferior LA (CCW). Figure 4D shows biatrial maps illustrating a CW rotor in the mid-posterior RA during paroxysmal AF, with fibrillatory conduction to the LA in a 66-year-old Native American with LA diameter of 42 mm. Although some AF rotors appeared relatively organized in single isochronal snapshots, static images do not reflect rotor precession (limited movement) seen in multicycle animations (Supplemental Movie) and may not emphasize peripheral breakdown of 1:1 conduction. In contrast, Figure  4E illustrates true 1:1 biatrial activation (with no fibrillatory conduction) from CW macroreentry in the right atrium (reverse typical atrial flutter) and activation to the left atrium over Bachmann's bundle.
Figure 4. Localized electrical rotors (spiral waves) in human AF, revealed by computational mapping. (A) Solitary counterclockwise (CCW) rotor during persistent AF in the posterior LA; (B) CW rotor in persistent AF in the anterior LA; (C) 2 concurrent rotors during paroxysmal AF in the anterior LA (CW) and inferior LA (CCW); (D) right atrial rotor (CW) during paroxysmal AF in the mid-posterior wall, with fibrillatory conduction to the LA. By contrast, (E) clockwise rotor of reverse typical atrial flutter differs from AF
Demonstration of Focal Beats During Human AF
Repetitive focal beats were visualized represented 11 of 68 (16.2%) of sources in patients during paroxysmal and persistent AF ( Table 2 ). The FIRM map of AF in Figure 5A shows earliest biatrial activation emanating from a repetitive focal beat (CL 104 milliseconds) in the inferoseptal LA in a 67-year-old man with persistent AF, moderately dilated LA and left ventricular ejection fraction 45%. Notably, activation emanates radially but nonuniformly to surrounding LA (arrows), with wavebreak in the peripheral LA then contralateral RA. In contrast, Figure 5B shows a FIRM map of focal atrial tachycardia (CL 290 milliseconds) located in the mid-posterior LA, with organized and uniform centrifugal activation throughout the ipsilateral LA to the contralateral RA.
Localized Sources Were Prevalent in Human AF
Computational mapping revealed localized sources in nearly all patients, with most exhibiting multiple sources (Table 2 ). The number of concurrent AF sources was higher for patients with persistent than paroxysmal AF (P = 0.017; Table 2 ) and, surprisingly, 27% lay in the right atrium. The number of rotors was greater than the number of focal beats, and this ratio trended higher for patients with persistent AF (41:5) than paroxysmal AF (16:6; P = 0.088).
There were no complications during mapping.
Discussion
We report a novel physiological mapping approach for human AF that reveals, for the first time, sustained localized electrical rotors and repetitive focal beat sources for human AF. We identified localized sources in nearly all AF patients, who had an average of 1.5-2 sources that directly controlled local activation with breakdown of 1:1 conduction (wavebreak, or "fibrillatory conduction") to surrounding regions. Persistent AF exhibited a higher number of concurrent rotors or focal beat sources than paroxysmal AF, and that may explain the greater apparent complexity and difficulty of treatment of this AF phenotype. These findings shed novel insights into the mechanisms of human AF, and provide the foundation for a patient-tailored mechanistic approach to AF ablation.
Computational Mapping Compared to Prior Mapping of Human AF
This study reveals that human AF is predominantly caused by localized sources that control surrounding fibrillation and, for each patient, lie at patient-specific locations that remain stable for at least tens of minutes (thousands of cycles). Although localized AF sources have been shown in elegant animal models in the laboratories of Jalife 6, 28 and Waldo, 15, 29 recent human studies have reported that rotors are rare 16 or do not exist 8, 27, 30 in human AF. Methodologic differences may explain our divergence from those data.
Allessie et al., in pioneering human AF mapping, initially showed complex right atrial activation consistent with multiple wavelets during electrically induced AF in patients undergoing open-chest ablation for accessory pathways. 8, 30 Those findings were recently extended to the left atrium and persistent AF patients. 27 However, although those studies provide high spatial resolution, they sampled relatively narrow and fixed areas using plaques in the anterolateral right atrium and posterior left atrium, where sources may not exist in all patients. In contrast, wide-area mapping in computational mapping makes no assumptions about the spatial uniformity of human AF. The spatial resolution of baskets (4-5-mm interelectrode distance along a spline) provides sufficient spatial resolution to resolve small human reentry circuits (≈2 cm 2 ), 22 although regions that as sources (reentrant or focal) should be detectable at a greater distance. 31 Finally, if ablation is the clinical goal, then higher resolution may be moot given that the diameter of a single ablation lesion is ≈7 mm. Computational mapping also benefited from our recent studies documenting, for the first time, differences in human biatrial repolarization and conduction dynamics from animal studies, and between patients with paroxysmal and persistent AF. 18, 19 Notably, other studies provide indirect evidence for the existence of localized sources in human AF. Sahadevan et al. reported n = 9 patients with persistent AF at openchest surgery, in whom gradients of rate, organization, and spectral dominant frequency (DF) 11 were consistent with localized sources, although spatial AF activation maps were not created and interventions were not performed. Using noncontact maps, Lin et al. revealed regions of high dominant frequency during macroreentry and imminent disorganization to AF. 32 We recently used LA baskets to show gradients in spectral DF and organization at specific sites, of which some corresponded to sites of AF termination during extensive ablation. 33 Studies using lower resolution mapping also confirm consistent gradients in rate, consistent with regional "driver regions," during human AF. 10, 34 In addition, Ravelli et al. used RA baskets to show consistent sites of electrogram organization in human AF. 35 Unlike the present report, however, prior reports did not reveal rotors or repetitive focal beat sources, did not identify nor locate AF sources, nor did they demonstrate using activation mapping that any specific region determines activation in surrounding tissue during human AF.
Clinical Implications
These mechanistic findings provide potential insights into the results of AF ablation. The greater number of sources in patients with persistent versus paroxysmal AF is consistent with more difficult ablation in the former group. Patientspecific source locations may explain why extensive ablation outside of the PVs is often required to eliminate AF. 2 The presence of right atrial sources in one-quarter of patients may explain the 70-80% "ceiling" in AF ablation success in many current studies, even after 3 or more (predominantly left atrial) procedures. 2 Future studies should apply computational mapping prospectively and target electrical rotors and focal beats for ablation or other therapeutic modalities, such as pharmaceutical or regenerative therapy, to terminate and eliminate AF. Other applications of computational mapping are to track patient-specific AF mechanisms longitudinally over time, to assess the progression of atrial remodeling or possible reverse remodeling from antiarrhythmic medications, gene therapy, stem cell therapy, or pacing.
Limitations
In this series, ablation was not performed prospectively at localized sources because early iterations of computational mapping required hours to days of processing time. Prospective mapping studies with targeted ablation of sources, that is, FIRM are underway. Although the population is relatively small, it represents a typical tertiary care referral group including patients with and without heart failure, of young and advanced age, with short to very long AF durations, and normal-sized to very enlarged atria. Thus, we feel that our description of rotors and focal beat sources is robust and likely applies to the vast majority of patients referred for AF ablation. Patients with persistent AF had a higher historical usage of amiodarone than those with paroxysmal AF, but the drug was discontinued >60 days before the procedure in all cases (often more than a year before enrollment). Although epicardial and endocardial signals may differ in regions of thick atrial musculature, 9 we did not perform epicardial mapping in this series. We did not exhaustively analyze regions of complex fractionated atrial electrograms in the present report, and also did not evaluate the impact of autonomic function on localized sources. Patients in this series were predominantly male, but more recent studies have already extended these observations to women. As shown in Figure 1 , technical factors such as LA diameter >60 mm may prevent adequate mapping in patients with very advanced structural remodeling, although this may be mitigated if larger baskets become available.
Conclusions
Physiologically guided computational mapping revealed localized electrical rotors and repetitive focal beat sources for human AF for the first time. The vast majority of AF patients showed localized sources, for an average of 1.5-2 concurrent rotors and/or focal beats, that controlled local AF activation and caused peripheral wavebreak. One-quarter lay in the right atrium. These results shed novel mechanistic insights into human AF, and offer a foundation for mechanistically targeted patient-tailored approaches to AF ablation.
